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Abstract: Timely and accurate fault location for a 35-kVhigh-reliability distribution network is one of
the key technologies to improve the safety and efficiency of distribution network operations. A novel
fault location method of 35-kV high-reliability distribution network is proposed in this paper. First,
the distributed multipoint fault location model is established based on the power structure of a
35-kV high-reliability distribution network. The distribution of voltage and current traveling waves
along the lines is comprehensively considered in this model. Secondly, we analyze the influence of
noise interference, analog-digital conversion frequency, and conversion bits on the location accuracy.
The simulation method of noise and analog-digital conversion is proposed based on simulated
samples. Then, a wavelet filter is used to reduce the influence of noise on the calibration of the
traveling wave arrival time, and matrix modulus of S transform is used to identify the arrival time for
the wave. Finally, the simulation model of a 35-kV high-reliability distribution network is established
to analyze the location accuracy in the case of single-phase to ground via resistance, two-phase
short-circuit to ground via resistance, and three-phase short-circuit faults. The simulation results
indicate that the proposed method has high location accuracy under the above fault conditions.

Keywords: 35-kV high reliability distribution network; distributed multi-point fault location;
noise and analog-digital conversion; wavelet filter-S transform

1. Introduction

The distribution network plays an important supporting role in promoting economic and social
development [1]. Due to the large volume of equipment and wide coverage, it is difficult to find and
repair faults in time. Therefore, timely and accurate fault location of the distribution network is an
important foundation to ensure the safe and reliable operation of the network [2].

At present, scholars have studied the application of wavelet transform, Hibbert–Huang transform
and S transform in traveling wave fault location. Hu et al. [3] studied the principle of double-ended
traveling wave fault location for transmission lines. The application of wavelet transform in traveling
wave fault location is analyzed. Han et al. [4] formed a switch state matrix based on the adjacency
matrix and mapped the fault current distribution into a current state matrix. The method unified the
two matrices into a fault state matrix to reflect the fault state of the all-parallel autotransformer railway
systems (AARS). Ji et al. [5] analyzed the application of the traveling wave fault location method
based on wavelet transform in the 10-kV system. The algorithm of average wave velocity refraction is
proposed. The accuracy of the proposed method is verified by simulation. Deng et al. [6] considered
the wave speed difference of an overhead line-cable hybrid line. The technology of wave feature
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matching was used to achieve accurate fault location of hybrid transmission lines. Xiong et al. [7] used
the Hilbert–Huang transform to capture the traveling wave of an all-parallel autotransformer (AT)
electric railway system. The effective identification of the voltage traveling wave head was defined by
the high-frequency wave trap connected between the horizontal lines. Li et al. [8] used S transform
to independently analyze the signal amplitude changes of each frequency component. The moment
of signal change is judged based on the amplitude-frequency characteristics of a transient traveling
wave. The fault position is defined by combining the principle of double-ended ranging. Qian et al. [9]
used S transform to capture the arrival time of the traveling wave. The fault section is determined by
eliminating roads one by one. The multi-terminal line fault location was completed based on the section
result and double-terminal ranging principle. Xie et al. [10] proposed the combination of variational
modal decomposition and S transform to complete the feature extraction of the traveling wave under a
strong noise background. The effectiveness of the proposed method under a strong noise background
was verified by simulation. Dai et al. [11] combined S transform with a particle swarm algorithm to
obtain preprocessed voltage data. The global search capability of the particle swarm algorithm was
used to solve the optimal solution of the location objective function to determine the fault location.
Pang et al. [12] used the generalized S transform to obtain the time–frequency transformation matrix of
the transient zero-sequence current and the energy of each frequency band. The maximum energy
margin was served to locate the single-phase ground fault interval of the distribution network.

The mentioned literature fully explain the principle of fault location and the application of
S-transform. However, there are the following problems. (1) Less analysis of the actual operation noise
of the lines, especially the influence of the environment and measurement noise on the fault location
accuracy. The impact of environmental and measurement noise on the traveling wave is similar to the
change caused by the line fault. The singular feature of the fault traveling wave might be covered by
the noise signal, which makes it impossible to accurately identify the fault position. (2) The existing
research seldom considers the influence of analog–digital conversion of the traveling wave sampling
device on data accuracy. In fact, the accuracy of the sampled data is reduced by the analog–digital
conversion. The singular characteristics of traveling waves caused by line faults are weakened. It is
more likely for the traveling wave singularities to be covered in noise signals. The accuracy of the
fault location will be lower. According to the shortage of the mentioned literature, environment and
measurement noise is combined with ideal traveling wave data in this paper. The influence of noise
on the fault location accuracy is fully analyzed. A formula for the analog-to-digital conversion is
established. In order to obtain high location accuracy, the method of wavelet filter-S transform is
proposed. The impact of noise can be reduced by a wavelet filter. The S transform is used to define the
arrival time of the fault wave. S-transform has more anti-noise ability. The result of the S transform
is a two-dimensional complex matrix. It can provide rich time–frequency information and fine fault
feature, which is beneficial to improve location accuracy in the distribution network [13].

On the basis of the above research, the distributed multi-point location model suitable for a 35-kV
high-reliability distribution network is established in this paper. The identification method of the
traveling wave arrival time based on wavelet filter-S transform is proposed, which effectively reduces the
impact of environmental and measurement noise and analog-digital conversion on the location accuracy.
The simulation model of the 35-kV high-reliability distribution network is established with reference to
the design parameters of certain domestic railways. Fault conditions including single-phase grounding
through transition resistance, two-phase short-circuit grounding through transition resistance, and
three-phase short-circuits are simulated to verify the effectiveness of the method proposed in this
article. The main fault type of the distribution network is a short-circuit fault, which can be divided
into single-phase short-circuit, two-phase short-circuit, and three-phase short-circuit. The 35-kV
high-reliability distribution network is an isolated neutral system. The short-circuit current and fault
wave characteristics are not obvious. When the lines are grounded through transition resistance,
short-circuit current and fault wave features are further weakened [14]. Therefore, three types of faults
are selected in this paper including single-phase grounding through transition resistance, two-phase
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short-circuit grounding through transition resistance, and three-phase short-circuit. The short-circuit
current and wave features of the above three faults are the least obvious. Location accuracy under the
above three types of faults is highly representative.

2. Principle of Fault Location for a 35-kV High-Reliability Distribution Network

In this section, the actual power supply of a 35-kV high-reliability distribution network and the
principle of double-ended location are considered. The distributed multi-point location model which
comprehensively contains the voltage and current traveling waves is established. The influence of
the analog–digital conversion frequency, the number of conversion bits, and the environment and
measurement noise on the identification of the traveling wave arrival time is analyzed. The simulation
methods of analog–digital conversion and noise interference based on simulation data are proposed.

2.1. Structures of 35-kV High-Reliability Distribution Network

The 35-kV high-reliability distribution network is an important part of the railway power system,
which provides a reliable power supply for railway signal equipment. The 35-kV high-reliability
distribution network consists of automatic blocking and continuous transmission lines (ABCTLs).
The automatic blocking lines mainly supply power for blocking signal loads. The continuous
transmission lines offer electricity for railway signal, communication, and other railway integrated
electricity. The distribution network of the same power supply section is both double-ended power
sources. It is a single power supply during normal operation. Two neighboring power distribution
stations supply power to the 35-kV high-reliability distribution network. One distribution station is
used for power supply and the other is the backup power [15]. The schematic diagram of the 35-kV
high-reliability distribution network is shown in Figure 1.
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2.2. Principle Simulation of Double-Ended Location

Fault location can be roughly divided into the fault indicator method, injected signal tracking
method, impedance method, and traveling wave method according to the principle. The traveling
wave method has been widely used because of high location accuracy and little influence from external
factors [16]. The traveling wave method can be roughly divided into single-ended location and
double-ended location based on the number of measurement terminals. In an actual fault location,
single-ended ranging was affected by the complex operating environment and noise. The reflected
wave from the opposite terminal cannot be accurately identified. Therefore, the fault location was
completed in this paper based on the principle of a double-ended location. The absolute time difference
of the fault traveling wave arrival at both ends of the line was used to obtain the fault position in
double-ended locations [17]. The location principle is shown in Figure 2. The calculation method is
Equation (1).

DM =
(tM−tN)v+lMN

2

DN =
(tN−tM)v+lMN

2

(1)
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where tM, tN is the time when the fault traveling wave reaches both ends of the line, v is the wave
speed, lMN is the total length of the line, DM is the distance from the fault point to the M terminal, and
DN is the distance from the fault point to the N terminal.Energies 2020, 13, x FOR PEER REVIEW 4 of 22 
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Figure 2. Principle of two-terminal fault location.

The key to a double-ended location is the time synchronization of the sampling devices at both
ends of the line. GPS synchronous timing was used for time synchronization in this article. GPS timing
can achieve nanosecond synchronization of the devices at both ends, which can minimize the location
error caused by time asynchrony [18].

2.3. Model of Distributed Multi-Point Location

Although the 35-kV high-reliability distribution network is the structure of a dual power supply,
it has a single power supply during normal operation. The end breaker of the line is open, which means
the end of line is open. The current traveling wave signal cannot be collected by the current transformer
at the end. The single current traveling wave cannot be used for a double-ended location as shown
in Figure 3.
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Figure 3. Diagram of continuous transmission lines.

The 35-kV/220 V transformers are installed along 35-kV high-reliability distribution networks
to supply power for the railway signal system. Theoretical research shows that the transformer can
effectively transfer the traveling wave. So, the voltage traveling wave on the secondary side of the
transformer can be collected for fault location [19]. The impact of the transformer transmission on the
arrival time of the traveling wave was fully considered. A phase A grounding fault was simulated.
The duration was 0.01 s, the sampling step was 0.5 µs, the simulation time was 0.15 s, and the time
of fault occurrence was 0.092 s. The simulation model was also a 35-kV high-reliability distribution
network. The voltage and current traveling wave data from 0.07 to 0.15 s was selected. The secondary
side voltage traveling wave, primary side current traveling wave, and mains side current traveling
wave of the T2 transformer were collected as Figure 4. The secondary side, primary side, and mains
side of T2 transformer are indicated in Figure 3.



Energies 2020, 13, 5118 5 of 22
Energies 2020, 13, x FOR PEER REVIEW 5 of 22 

 

 
Figure 4. Traveling waves of voltage and current at different points. 

The initial arrival time of the traveling wave shown in Figure 4 is determined based on the 
wavelet transform, as shown in Table 1. 

Table 1. Arrival time of the traveling wave at different measuring points. 

Sampling 
Point 

Secondary Side Voltage 
Traveling Wave of T2 

Transformer 

Primary Side Current 
Traveling Wave of T2 

Transformer 

Mains Side Current 
Traveling Wave of T2 

Transformer 
Arrival 
time/s 

0.092502 0.092502 0.092502 

It can be seen from Table 1 that the transformer could effectively transfer the traveling wave. 
The arrival time of the secondary side voltage traveling wave was consistent with the primary side 
and the mainline side current traveling wave. The equal times reflect that transformers cannot affect 
the arrival time of the traveling wave. So, the arrival time determined by the current traveling wave 
and the voltage traveling wave along the lines was credible. 

Based on the principle of double-end location, the current traveling wave and the voltage 
traveling wave along the lines were comprehensively used. The distributed multi-point location 
model suitable for a 35-kV high-reliability distribution network was established [20]. The time 
difference between both ends of the non-faulty line was selected to calculate the wave speed. The 
time difference between both ends of the faulty line was used to define the fault location [21]. The 
current traveling wave was collected by the current transformer (CT) at the head or end of the line. 
The voltage traveling wave is obtained on the secondary side of the 35-KV/220 V transformer of T2~T4. 
The secondary side voltage of the transformer is 220 V, which can be directly connected to the 
traveling wave sampling device. The construction investment caused by the additional installation 
of voltage or current transformers was avoided. The difficulty of the project was reduced. 

For example, the time t2 and t3 at both ends of the non-faulty line was used to obtain the wave 
speed. The t3 and t4 was used to calculate the distance between the fault point and the T3 transformer. 
The formula is as follows: 

2

2 3

3 4 3
2

( )
2

lv
t t
t t v lD

=
−
− ⋅ +

=
 (2) 

where v is the speed of the traveling wave. t2 is the arrival time defined by the secondary side voltage 
traveling wave of T2 transformer. t3 is the arrival time defined by the secondary side voltage traveling 
wave of T3 transformer. t4 is the arrival time defined by secondary side voltage traveling wave of T4 
transformer. l2 is the distance between T2 transformer and T3 transformer. l3 is the distance between 
T3 transformer and T4 transformer. D2 is the distance between the fault position and the T2 
transformer. 

In addition, (t1, t2, t4) and (t1, t3, t4) can be selected for location. The average of the three location 
results can be calculated to minimize the ranging error. The formula is as follows: 

Figure 4. Traveling waves of voltage and current at different points.

The initial arrival time of the traveling wave shown in Figure 4 is determined based on the wavelet
transform, as shown in Table 1.

Table 1. Arrival time of the traveling wave at different measuring points.

Sampling Point
Secondary Side Voltage

Traveling Wave of T2
Transformer

Primary Side Current
Traveling Wave of T2

Transformer

Mains Side Current
Traveling Wave of T2

Transformer

Arrival time/s 0.092502 0.092502 0.092502

It can be seen from Table 1 that the transformer could effectively transfer the traveling wave.
The arrival time of the secondary side voltage traveling wave was consistent with the primary side
and the mainline side current traveling wave. The equal times reflect that transformers cannot affect
the arrival time of the traveling wave. So, the arrival time determined by the current traveling wave
and the voltage traveling wave along the lines was credible.

Based on the principle of double-end location, the current traveling wave and the voltage traveling
wave along the lines were comprehensively used. The distributed multi-point location model suitable
for a 35-kV high-reliability distribution network was established [20]. The time difference between
both ends of the non-faulty line was selected to calculate the wave speed. The time difference between
both ends of the faulty line was used to define the fault location [21]. The current traveling wave was
collected by the current transformer (CT) at the head or end of the line. The voltage traveling wave is
obtained on the secondary side of the 35-KV/220 V transformer of T2~T4. The secondary side voltage
of the transformer is 220 V, which can be directly connected to the traveling wave sampling device.
The construction investment caused by the additional installation of voltage or current transformers
was avoided. The difficulty of the project was reduced.

For example, the time t2 and t3 at both ends of the non-faulty line was used to obtain the wave
speed. The t3 and t4 was used to calculate the distance between the fault point and the T3 transformer.
The formula is as follows:

v = l2
t2−t3

D2 =
(t3−t4)·v+l3

2

(2)

where v is the speed of the traveling wave. t2 is the arrival time defined by the secondary side voltage
traveling wave of T2 transformer. t3 is the arrival time defined by the secondary side voltage traveling
wave of T3 transformer. t4 is the arrival time defined by secondary side voltage traveling wave of T4
transformer. l2 is the distance between T2 transformer and T3 transformer. l3 is the distance between T3
transformer and T4 transformer. D2 is the distance between the fault position and the T2 transformer.

In addition, (t1, t2, t4) and (t1, t3, t4) can be selected for location. The average of the three location
results can be calculated to minimize the ranging error. The formula is as follows:

D2 =

 (t3 − t4) ·
l2

t2−t3
+ l3

2
+

 (t2 − t4) ·
l1

t1−t2
+ (l2 + l3)

2
− l2

+ (t3 − t4) ·
l1+l2
t1−t3

+ l3
2

/3 (3)
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where t1 is the arrival time defined by the current traveling wave of CT1. l1 is the distance between the
CT1 and T2 transformer.

The wave speed is obtained based on the actual transmission time of the traveling wave in the
model of distributed multi-point location, which avoids that the traditional wave speed calculation
method only considers the line parameters and fails to analyze the influence of the line environment
on the wave speed. The location error caused by inaccurate wave speed measurement is reduced.

2.4. Analog–Digital Conversion and Noise Interference

2.4.1. Frequency and Bits of Analog–Digital Conversion

The influence of analog–digital conversion frequency and bits on location error was seldom
considered in the present literature. The data were rounded by analog–digital conversion,
which reduced the difference between sampling points. The singular characteristics of the traveling
wave were weakened. So, the identification difficulty of traveling wave arrival time was improved.
In this paper, the analog–digital conversion frequency was 2 MHz and the sampling interval was 0.5 µs.
The higher frequency can reduce the location error caused by the interval. It is assumed that the faulty
wave travels at the speed of light. The error caused by the sampling interval is as Equation (4).

derror = vlight × tsample = 3× 108m/s× 0.5µs = 150m (4)

where vlight is the speed of light, tsample is sampling interval and derror is location error. From Equation
(4), it can be seen that the location error is within 150 m, which ensures the accuracy of fault location.

In the actual location, the accuracy of sampled data was limited by analog–digital conversion
bits. Higher conversion bits can retain the singular characteristics of the fault traveling wave to the
maximum, and the influence of noise signals on the fault location can be reduced. A 16-bit analog–digital
conversion is used to obtain more accurate traveling wave data in this paper, which is helpful for
subsequent noise filters.

The 2-MHz frequency and 16-bit analog-digital conversion were achieved based on the STM32H7
series of high-performance microcontroller units (MCUs) with the advanced risc machine (ARM)
Cortex-M7 core. The processor frequency can reach 480 MHz, which was able to meet the hardware
requirements of fault location.

2.4.2. Noise Interference

The line fault wave will inevitably be interfered with by noise. High-frequency noise not only
affects the mode value of the traveling wave but also covers the traveling wave singularity. It is
impossible to calibrate the arrival time of a traveling wave according to the maximum value of the
traveling wave mode [2]. The following takes the noise signal collected by the traveling wave sampling
device as an example to illustrate the influence of environment and measurement noise on the traveling
wave signal. The noise signal was actual data from a 35-kV high-reliability distribution network,
which was collected by a traveling wave sampling device. The device has the same analog–digital
conversion frequency and as previously mentioned in this paper. The noise waveform obtained based
on the actual distribution network is shown in Figure 5.

It can be seen from Figure 5 that the environmental and measurement noise had a sharp change,
which was similar to an uninterrupted pulse signal. The frequency spectrum of the noise signal was
obtained by fast Fourier transform to analyze the frequency range of the noise signal, as shown in
Figure 6.

It can be seen from Figure 6 that the environmental and measurement noise signals had a
higher amplitude within 200 kHz, while the frequency of the fault traveling wave of the ABCTLs
was distributed in approximately 10 kHz–100 kHz [22]. Therefore, the two signals were aliased.
The influence of noise signals on the calibration of the traveling wave arrival time cannot be ignored.
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2.4.3. Simulation of Analog–Digital Conversion and Noise Interference

In order to fully reflect the influence of the analog–digital conversion on the location accuracy,
the simulated data was converted based on the principle of analog–digital conversion. The conversion
formula is as follows.

DataADC = INT(datasim ×M/N) + M (5)

where datasim is the simulation data, DataADC is the analog-digital conversion simulation data, INT(x) is
the rounding function, M = 216/2 = 32768 considering the unipolar analog–digital conversion, N is
the short-circuit current or voltage multiple of transformers.

The noise signal was superimposed on the obtained simulation data to fully reflect the influence
of noise on the location accuracy. The expression is as follows:

DataADC+noise = DataADC + Datanoise (6)

3. Calibration of Traveling Wave Arrival Time Based on Wavelet Filter-S Transform

It can be seen that there was aliasing between the noise frequency band and the line fault traveling
wave frequency according to the above analysis. The traditional signal filter method was used to
separate the useful signal and the noise signal in the frequency domain which was helpful to smooth
the noise. However, the method also removed the useful components of the traveling wave signal,
which greatly affected the location accuracy. In this section, the arrival time calibration method of
traveling wave is proposed based on wavelet filter-S transform. The method was used to determine
the arrival time of the traveling wave.
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3.1. Wavelet Filter

The research in Section 2.4.2 showed that the traditional digital filter method removed the useful
components in the traveling wave due to the aliasing between the noise frequency and the line fault
traveling wave frequency. The wavelet filter decomposed various frequency components in the
signal into non-overlapping frequency bands. The wavelet transform modulus maximum of the fault
traveling wave increased proportionally with the increase of the scale. At the same time, the wavelet
transform modulus maximum of the noise decreased. This feature can effectively distinguish the
noise signal from the traveling wave signal [23]. Therefore, based on the wavelet transform algorithm,
all small-scale high-frequency components were discarded. Large-scale high-frequency components
were processed by threshold denoising. Then, the signal was reconstructed which was used for S
transform to calibrate the arrival time of the traveling wave.

Threshold denoising processing methods that are commonly used contain hard threshold
processing, soft threshold processing, and percentage threshold processing. In order to maximize the
elimination of noise signals, soft threshold processing was used [24], as shown in Equation (7).

Y =

{
0, x < 0

sign(x) · (|x| − T), x ≥ 0
(7)

where T is the threshold, sign(x) is the sign function that is expressed as the following Equation (8).

sign(x) =


1 , x > 0
0 , x = 0
−1 , x < 0

(8)

The threshold was determined by improving the general threshold selection method, the formula
is as follows.

T = σ
√

2In(N) (9)

where σ is the noise standard deviation, N is the number of sampling points. As the scale increased,
the threshold was reduced by approximately 2−1/2 [24]. The threshold also needed to be adjusted
according to the actual noise situation.

3.2. Model of S Transform

S transform has a frequency-dependent resolution. Its time window width changes inversely
with frequency, which has a higher time resolution in the high-frequency part than the wavelet
transform [25].

The S transform S(τ, f ) of the non-stationary signal x(t) is defined as follows:

S( f , τ) =
∫ +∞
−∞

x(t)ω(τ− t, f )e− j2π f tdt

ω(τ− t, f ) = | f |
√

2π
e|
− f 2(τ−t)2

2 |
(10)

where ω(τ − t, f ) is the Gaussian window, τ is the position parameter of the Gaussian window on
the time axis t, f is the frequency, j is the imaginary unit. S transform can be regarded as the phase
correction of the wavelet transform, which can be derived from the wavelet transform and Fourier
transform. The result is shown in Equation (11).

S(τ, f ) =
∫ +∞

−∞

X(υ+ f )e
−

2π2υ2

f 2 e j2πτυdυ (11)
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In the Equation, f , 0. S transform can be calculated by FFT. The discrete form of S transform can
be obtained as follows:

S[m, n] =
N−1∑
k=0

X[n + k]e−2π2k2/n2
e j2πkm/N , n , 0

S[m, n] = 1
N

N−1∑
k=0

x[k] , n = 0

X[n] = 1
N

N−1∑
k=0

x[k]e− j2πkn/N

(12)

According to the actual requirements of fault location, the discrete form of S transform is corrected
to obtain the practical discrete form of S transform as Equation (13).

S[m∆ f , n∆t] =
N−1∑
k=0

X[n + k]e−2π2k2/n2
e j2πkm/N , n , 0

S[m∆ f , 0] = 1
N

N−1∑
k=0

x[k] , n = 0
(13)

where ∆ f ∆t are frequency resolution and time resolution respectively, ∆t is determined by the sampling
frequency, m∆ f should meet the maximum and minimum sampling frequency limits as follows:

fmin ≤ m∆ f ≤ fmax (14)

where fmax should meet Nyquist sampling theorem.
N are the discrete signal sampling points. The transform result is a complex time–frequency

matrix with n + 1 rows and m columns. The column corresponds to the sampling time point and
the row corresponds to the frequency. The first row corresponds to the DC component in the signal.
The frequency difference between neighboring rows is shown as Equation (15).

( fmax − fmin) × fs
N × ∆ f

(15)

In the formula, fs is the sampling frequency, N is the number of sampling points. The frequency
corresponding to the nth row is as follows.

fn =
( fmax − fmin) × fs

N × ∆ f
n (16)

The minimum sampling interval is as Equation (17).

Ts =
π+ 1
2π fs

(17)

The S modulus matrix is obtained by modulating each element of the S transform result.
The column vector represents the amplitude–frequency characteristic of the signal at a certain moment.
The row vector represents the time domain distribution of the signal at a certain frequency. In order
to obtain the fine time–domain distribution of the fault traveling wave at different frequencies,
the sampling interval was selected according to the minimum time interval.

The arrival time of the traveling wave was determined based on the time domain distribution of
different frequencies in the S-mode matrix. According to the line fault traveling wave frequency range
(approximately 10–100 kHz), the S-mode matrix value was selected in this range. The moment
corresponding to the maximum value of the modulus at different frequencies will be defined.
The average method was used to obtain the unique modulus maximum value corresponding moment
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as the final fault traveling wave arrival time. The moment was substituted into Equation (3) to calculate
the fault position.

3.3. Steps of Fault Location

Based on the above research, the specific steps of wavelet filter-S transform applied were as follows.

(1) Simulation model of 35-kV high-reliability distribution network was established to collect the
voltage and current traveling wave signals. Then, a total of 4 ms traveling wave data was stored
for fault location. The three-phase voltage and current traveling waves were converted based on
Equations (5) and (6) and mixed in noise.

(2) The three-phase traveling wave data was carried out by Karen Bell transformation. The formula
is shown in Equation (18) to obtain the linear and zero-mode components [26]. As the zero-mode
component only exists in ground faults, the line-mode component was used for fault location [27];

Iα
Iβ
I0

 = 1
3


1 −1 0
1 0 −1
1 1 1




Ia

Ib
Ic


Uα

Uβ

U0

 = 1
3


1 −1 0
1 0 −1
1 1 1




Ua

Ub
Uc


(18)

(3) The line modulus component obtained by the Karen Bell transform was used for the wavelet
filter. The wavelet filter was based on the threshold denoising method, and the threshold was
determined by the general threshold method.

(4) The result of the wavelet filter was used as the original data of S transform. The S modulus matrix
in the range of approximately 10–100 kHz was obtained. The maximum modulus at different
frequencies were defined. The corresponding moments of unique modulus maximum were used
as the arrival time of the traveling wave.

(5) The arrival time of the traveling wave was collected by each 35-KV/220 V low-voltage transformer
and the line head CT. The fault location was defined based on the double-ended location principle
and the distributed multi-point location model.

4. Simulation Results

In this section, the simulation model of a 35-kV high-reliability distribution network is established.
The structure and simulation parameters refer to a domestic railway design in China. Three typical
fault situations including single-phase grounding through transition resistance, two-phase short-circuit
grounding through transition resistance, and three-phase short-circuit are simulated. The accuracy of
the S-transform method, wavelet filter Hilbert–Huang transform method, and the proposed method in
this article will be analyzed under the background of analog–digital conversion and noise interference.

4.1. Simulation Model and Parameters

The 35-kV high-reliability distribution networks are single power supply under normal operation.
Take the continuous transmission lines as an example to build the simulation model. The simulation
model is shown in Figure 7 below.
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Figure 7. Model of simulation.

A 110-kV single unit infinite power was used to provide electricity for the model. The equivalent
Thevenin voltage source model was used to simulate the power source. A 110-kV/35 kV transformer
module, 35-kV/220 V transformer module, overhead transmission line module, and current and voltage
measurement module were contained in the model. The unified magnetic equivalent circuit (UMEC)
model and Bergeron model were used to simulate the transformer and lines. The parameter setting
of each module refers to the design drawing of the domestic railway. The no-load loss of a 110-kV
transformer used was 9.76 kW. The short-circuit loss was 52.5 kW. The impedance voltage was 10.5%.
No-load current was 1.1%. Connection group was Ynd11. The no-load loss of the 35-kV/220 V low
voltage transformer was 1.1 kW. The short-circuit loss was 6.9 kW. The impedance voltage was 6.5%.
The no-load current was 2.3%. The connection group was Dyn11. The CT transformation ratio at
the first of the line was 20A/5A. The rated secondary load was 0.4 Ω. The load of each low-voltage
transformer was defined according to the actual transmission capacity. The end of the line was open.
The type of overhead transmission line was LGJ-95. The Bergeron model was used to simulate lines.
The line parameters and length are shown in Table 2 [28].

Table 2. Parameters of transmission lines.

Parameter Type of Overhead Transmission Line Parameters of Overhead Transmission Line

Cross-sectional area/mm2 Aluminum 95.2
Steel core 17.8

Outer radius/mm Electric wire 13.7
Steel core 5.4

DC resistance temperature 20 °C/(Ω/km) 0.33
Length of Tline1 overhead transmission line/km 40
Length of Tline2 overhead transmission line/km 40
Length of Tline3 overhead transmission line/km 7
Length of Tline4 overhead transmission line/km 7
Length of Tline5 overhead transmission line/km 10
Length of Tline6 overhead transmission line/km 25
Length of Tline7 overhead transmission line/km 7

The fault is located between the No. 2 transformer and the No. 3 transformer, which was 10 km
away from the No. 2 transformer. The location accuracy of the above method in different fault
situations was calculated according to the fault location steps.



Energies 2020, 13, 5118 12 of 22

4.2. Result Analysis

4.2.1. Analysis of Different Fault Conditions

In order to fully verify the effectiveness of the proposed fault location method, three fault
conditions are built in this section.

(1) Case 1: Phase A is grounded through 100 Ω transition resistance. Single-phase grounding faults
are the most frequent type of fault in the power system. The fault traveling wave characteristics
are not obvious, which makes it difficult to calibrate the arrival time of the traveling wave.

(2) Case 2: AB two-phase short circuit is grounded through 100 Ω transition resistance.
(3) Case 3: Three-phase ABC short circuit.

The simulation time was 0.12 s. The sampling step was 0.5 µs. Fault occurrence time was 0.09245 s.
The fault duration was 0.01 s. The simulation software was power systems computer-aided design.
The fault traveling waves of the three situations are shown in Figure 8.

It can be seen from Figure 8 that both voltage and current had obvious traveling wave processes
in the mentioned three fault conditions. The traveling wave characteristics of case 1, case 2, and case
3 are sequentially enhanced. In addition, the characteristics of the current traveling wave in each
fault condition were stronger than the voltage traveling wave. The main reason was that the voltage
traveling wave was collected on the secondary side of the transformer. A large number of higher
harmonics cannot be transmitted to the secondary side of the transformer.

The protection of the 35-kV high-reliability distribution network had a longer response time which
provided more available data. However, fault location only needed to determine the arrival time of the
initial traveling wave. The selected data that can cover the initial traveling wave transmission process
met the requirements. In this paper, the initial traveling wave transfer process took about 0.16 ms at
most. In order to leave a time margin and subsequent expansion space, the fault location buffered a
total of 4 ms data. According to the 2M sampling rate, 8000 points can be stored. The data was used
for fault location. The stored 4 ms traveling wave data was simulated by analog–digital conversion
based on Equations (5) and (6) and mixed with noise. Then, the line mode component of the traveling
wave was obtained with the help of the Karen Bell transform. The noise and analog–digital conversion
result of the fault traveling wave line mode component are shown in Figure 9.

It can be seen from Figure 9 that after the analog–digital conversion simulation and mixing noise,
the singularity of the initial traveling wave was reduced. The main reason is that the analog–digital
conversion reduced data accuracy. The difference between data was weakened. At the same time,
high-frequency noise appeared in the fault wave, which was similar to the traveling wave caused by
line faults. The fault location accuracy can be affected.
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4.2.2. Comparison of Multiple Ranging Methods

In order to fully analyze the influence of noise interference and analog–digital conversion on
the fault location, the effectiveness of the proposed method and the existing literature methods was
verified in the above three conditions. For the convenience of description, method 1 was a single S
transform method. Method 2 was a wavelet filter Hilbert–Huang Transform (HHT) method. Method 3
was the method proposed in this article.

(1) Method 1. Only S transform was used to obtain the fault traveling wave S-mode matrix. The arrival
time of the traveling wave was determined according to the frequency range and the principle of
modulus maximum [29]. The single S transformation results of the above three failure conditions
are shown in Figures A1–A3 in the Appendix A. Due to the end effect, the S transform results at
the head and tail were abnormally high. Therefore, the data at the head and tail were ignored
in the S transform result. Only the middle part was used for arrival time calibration. From the
Figures A1–A3 in the Appendix A, it was seen that the maximum value of the voltage traveling
wave and the current traveling wave were the same. It was impossible to distinguish the time
difference of the fault travel when waves reach different sampling points. The main reason was
that the analog–digital conversion weakens the singular characteristics of the fault traveling wave.
The change caused by the line fault was covered by the noise signal. The modulus maximum
point no longer corresponds to the arrival time of fault traveling wave. The accuracy of method 1
is shown in Table 3 under the mentioned three kinds of fault conditions.

Table 3. Accuracy of three methods in different conditions.

Fault Condition Type of Method
The Fault Location is Away from the No. 2

Transformer/m Location Error/m

Theoretical Value Actual Value

Condition 1
Method 1

10,000
14,033.10649 +4033.10649

Method 2 10,948.17073 +948.170731

Method 3 10,086.92895 +86.9289500

Condition 2
Method 1

10,000
14,033.10649 +4033.10649

Method 2 9126.185353 −873.814647

Method 3 10,088.52033 +88.5203300

Condition 3
Method 1

10,000
14,033.10649 +4033.10649

Method 2 9142.498089 −857.501911

Method 3 10,183.03030 +183.030300

(2) Method 2. The wavelet filter method was combined with the HHT method mentioned in the
literature [7]. The data after wavelet filter was subjected to empirical mode decomposition (EMD).
The high-frequency intrinsic mode function component IMF1 was used for the Hilbert–Huang
Transform to obtain instantaneous energy. The maximum instantaneous energy corresponded to
the arrival time of the traveling wave [7]. The HHT results of the above three fault conditions are
shown in Figures A4–A6 in the Appendix A. It can be seen from Figures A4–A6 in the Appendix A
that both the voltage and current traveling waves have obvious instantaneous energy maximum.
The current traveling waves were collected at the head of the line, where the instantaneous
energy changes the most. The maximum instantaneous energy point corresponded to the arrival
time of the traveling wave. Based on the distributed multi-point location model, the non-faulty
line was used to calculate the wave speed. The location accuracy of different fault conditions is
shown in Table 3.
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(3) Method 3. The method proposed in this paper was used to define the fault position of the 35-kV
high-reliability distribution network. The location accuracy under different fault conditions was
analyzed. The results of the method proposed in this paper are shown in Figure 10.
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In Figure 10, the x-axis is the sampling point and the y-axis is the frequency. The corresponding
frequency can be converted according to Equation (16). The z-axis is the S transform modulus
value. It can be seen from Figure 10 that the wavelet filter-S transform results of the voltage and
current traveling wave in the above fault conditions all have obvious modulus maximum points.
The modulus maximum point distribution of single frequency was selected, which was also the arrival
time distribution of the traveling wave. The distribution is shown in Figure 11.

In Figure 11, both the voltage and current traveling waves can distinguish obvious modulus
maximum points in different conditions, which can be used to determine the arrival time of the
traveling wave. For more serious faults such as a three-phase short circuit, it can also distinguish the
refracted wave and the opposite reflected wave. With the help of Formula (3), the location accuracy in
different conditions can be obtained, as shown in Table 3.

As can be seen from Table 3, method 1 had a higher location error in different fault conditions.
The main reason was due to the influence of analog–digital conversion and noise. The modulus
maximum point obtained by method 1 no longer corresponds to the arrival time of the traveling wave.
The difference in the traveling wave arrival time can no longer be distinguished. Therefore, the single S
transform is no longer suitable for fault location of 35-kV high-reliability distribution network under the
background of noise and analog–digital conversion. Compared with Method 1, Method 2 has greater
improvement in location accuracy. Although it is slightly inferior to Method 3. As the initial traveling
wave of Method 2 has high instantaneous energy. The extreme points of the data are not uniformly
distributed, which easily causes modal aliasing. In addition, the time-frequency information obtained
by the Hilbert–Huang transform is not rich enough compared with the S transform. In Method 3,
the more elaborate time–frequency information of the S transform is obtained, which greatly improves
the location accuracy of the above three fault situations. The result can provide the fault location
reference for the 35-kV high-reliability distribution network inspection.

In the experiment, the real operating environment of the distribution network is more complicated.
There are more interference signals, such as extreme weather. Earth’s capacitance is changed with
different weather and sag. Higher earth capacitance makes the features of fault traveling wave less
obvious. The actual load of different transformers is not constant. Low loads make the features
of the traveling wave collected from the secondary side of the transformer non-obvious enough.
The differences between the experiment and simulation affect the determination of the traveling wave
arrival time and make the fault location accuracy of the experiment lower than the results proposed in
this paper.

At present, some literature has partly verified the application of traveling wave fault location.
Design of the manual grounding experiment of the distribution network was as in the literature [19].
The traveling wave transmission performance of the distribution transformer has been verified.
The experimental results show that distribution transformers can effectively transmit traveling waves.
The accuracy of transmission can meet the fault location requirements. The traveling wave transmission
features of distribution transformers are related to the neutral grounding of the transformer windings.
Literature [30] uses the fault data recorded on a distribution station to verify the effectiveness of
traveling wave transmission features of the current transformer. The results reflect that current
transformers can transfer the characteristics of the traveling wave, which meet the requirements of fault
location. These literature show that the fault location method proposed in this paper has feasibility in
practice. The improvements are marked in red in the last paragraph of Section 4.2.2.
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5. Conclusions

Based on the power supply structure of a 35-kV high-reliability distribution network, the current
and the travel voltage along the line is comprehensively used for the distributed multi-point location
model in this paper. The fault location method of wavelet filter-S transformation is proposed
considering the influence of analog–digital conversion and noise signal on the fault location accuracy.
The effectiveness of the proposed method is verified by the simulation example. The conclusions are
as follows.

(1) Wave speed is calculated based on the actual travel time in a multi-point location model.
The method avoids that the traditional calculation method of wave speed only considers the line
parameters and fails to analyze the influence of the environment on the wave speed. The location
error caused by inaccurate wave speed is reduced.

(2) Analog–digital conversion and noise will weaken the singular characteristics of the line fault
traveling wave. The change caused by the line fault might be covered by the noise signal.
The single S transform modulus maximum method cannot be used to locate the fault. The method
proposed in this paper can effectively reduce the influence of noise on the identification of the
traveling wave.

(3) The simulation results show that the method proposed in this paper has high location accuracy
under the conditions of single-phase grounding through transition resistance, two-phase
short-circuit grounding through transition resistance, and three-phase short-circuit.
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